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Abstract The partly filled skutterudites AxFe4Sb12 (A = La, Pr, Nd, Eu, Yb, and
the monovalent homologue Tl) were investigated at 4.2 K by 57Fe Mössbauer
spectroscopy in external fields up to 13.5 T. Two Fe sites were identified. The
observed relative spectral areas are not for all compounds in agreement with filling
factors for the A-atoms determined from X-ray experiments. The change in sign and
the small value of the induced hyperfine fields for magnetically ordered compounds
are strong hints for itinerant ferromagnetism with small ordered moments.
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1 Introduction
The search for improved thermoelectric materials renewed the interest in the, at least
partly, filled ternary skutterudites AxM4X12, where M denotes one of the transition
metals Co, Fe, Ru or Os, X a pnictogen (P, As, or Sb), and A represents the filler
atoms in the large empty voids present in this cubic structure (Im 3¯). Exchanging
P by Sb offers the possibility to increase interatomic distances without changing
crystal structure. The number of charge carriers can be widely tuned since the filler
atoms A span from alkali- over alkaline-earth metals, rare earths to actinides. These
combinations generate such a diverse behavior as unconventional superconductivity,
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magnetism, and large thermoelectric effects [see e.g. 1–4]. The latter reveal the pos-
sibility to tailor the thermoelectric figure of merit ZT = (σ /κ)S2T (σ is the electrical
conductivity, κ the electronic and lattice contribution to the thermal conductivity,
and S the Seebeck coefficient), which for state of the art materials should be in the
order of one.
In spite of the large amount of theoretical and experimental investigations
performed on these compounds, precise knowledge about low temperature Fe-
moments is still missing [e.g. [4] and references herein]. To obtain a more detailed
knowledge about the magnetic ground state, we performed 57Fe high field Mössbauer
measurements on a large variety of Fe based compounds and like to focus in the
present report on those built up with Sb and A = La, Pr, Nd, Eu, Yb, and Tl.
LaFe4Sb12 is nonmagnetic, at least down to 2 K, with μeff = 3.0 μB/fu derived from
susceptibility measurements at higher temperatures [5]. Because La3+ possess no
magnetic moment, the measured one has to be attributed to the (Fe4Sb12)-building
block. Band structure calculations indicate hybridization of the La states with Sb
and Fe states resulting in an enhanced effective mass for the two highest occupied
bands [6]. Furthermore a double peak structure of the 3d-DOS in the proximity of
the Fermi energy was obtained, from which the presence of a moment on the Fe
atoms was concluded [7]. Recent studies reveal the importance of spin fluctuations
and a behavior close to a ferromagnetic quantum critical point [8].
The Pr compound orders magnetically around 5 K with presumably some kind
of antiferromagnetic spin alignment on the Pr ions and an effective moment of 2.7
μB on the (Fe4Sb12) building blocks, if a moment according to Pr3+ is assumed. As
ground state for the Pr atoms the triplet Γ5 was deduced [5, 9, 10]. Interestingly, upon
increasing the filling fraction to almost 100% a singlet ground state and no magnetic
ordering is observed [11].
The Nd and Eu compounds order magnetically at 13 K and around 84 K, with
μeff = 4.5 and 8.4 μB/fu, respectively [5]. The presence of a mixture of Eu2+and Eu3+
in EuFe4Sb12 was proposed recently [12]. In case of YbFe4Sb12 it has been shown [13]
that Yb is stable divalent and the effective moment of μeff = 4.49 μB/fu originally
attributed to intermediate valency [14] is solely due to itinerant paramagnetism of
the (Fe4Sb12) building blocks. Nevertheless, high-resolution photoemission studies
points to small 4f13 contributions depending on penetration depth, which can be
explained by surface oxidation effects [15].
Similar to the alkali-metal compounds formed with Na and K [16], Tl is also
monovalent. Magnetic order is observed below 80 K and spin polarized LDA
calculations give a ferromagnetic ground state with moments on Fe of 0.82 μB [17].
2 Experimental
Details of sample preparation were described in [16–18]. The filling factor for the A
atoms was determined from XRD data, by using FULLPROF [19] and in the case of
the second Eu sample by hot neutron measurements.
Mössbauer measurements were carried out in transmission geometry at 4.2 K in
external fields (Ba) up to 13.5 T (accuracy ±0.01 T, homogeneity 0.1%). The field
direction was always parallel to the γ-ray direction. The 57CoRh source (relative
to which all center shift (CS) values are given) was situated in a field-compensated
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region (<0.1 T). The source temperature varies in the course of the measurements
between 5 and 25 K.
All spectra were analysed by solving the full Hamiltonian taking into account both
electrostatic and magnetic hyperfine interactions. Sample thickness was considered
using the approximation given by Morup and Both [20]. The spectra recorded
in external fields were analyzed with the restriction that the relative area of the
subspectra, center shift, and quadrupole splitting, QS, remain constant and only the
measured hyperfine field, Bhf, changes due to the presence of the external field.
Deviations of the line width up to 10% were allowed.
3 Results and discussion
For the 57Fe-probe atom the nearest neighbor shell is formed by Sb octahedra, and
the next nearest by twelve Sb (with slightly different distances) and two A atoms
(Fig. 1). From X-ray investigations both the Fe and the Sb sublattice are found to
be fully occupied, whereas considerable amounts of vacancies are present in the A—
sublattice (x = 0.80, 0.73, 0.72, and 0.88 for La, Pr, Nd, and Eu (Eu1), respectively).
For Yb the A sublattice appears to be fully occupied [14]. Furthermore, a second
Eu sample (Eu2) with x = 0.95 and a Tl compound with a high degree of filling
(x = 0.982) were investigated [17]. Although crystallographically only one Fe site
is present in the structure, at least two subspectra (with the exception of Yb) were
necessary to analyze both the zero field and the in-field spectra in a consistent way
(Fig. 2). The line widths were always in the order of 0.22 mm/s.
If voids are present, and if they are statistically distributed in the corresponding
neighbor shell, the 57Fe-probe atom may be surrounded by two, one, or zero A
atoms. These different surroundings can influence the hyperfine parameters leading
to the asymmetry in the recorded spectra. The relative intensities of the resulting
subspectra are in fair agreement with the void concentration determined by the
X-ray investigations for A = La, Pr, Nd, Yb and Eu1. This agreement led to the
allocation of the subspectrum with the high area ratio to Fe completely surrounded
by A atoms and of the subspectrum with the low area ratio to Fe surrounded by one
or zero A atoms (resolution of the latter is not possible within the statistical accuracy
of the present investigations). A similar scenario was suggested for the Co-based
skutterudites Tl0.8Co3FeSb12 and Tl0.5Co3.5Fe0.5Sb12 by Long et al. [21], but called
into question, because of deviations of observed area ratio of the subspectra from
the ones following from a statistical distribution.
For Eu the situation gets more complicated if mixed valent behavior, as proposed
by Krishnamurthy et al. [12] is taken into consideration. A proper mixture of Eu3+
and Eu2+ could be responsible for the low total moment observed by magnetic
measurements [22] and for the appearance of different subspectra. But to explain
magnetic and Mössbauer results for all samples in a consistent way the degree of
mixture of the two valence states must depend on void concentration. Experiments,
which confirm this assumption, are presently missing.
For the Tl compound a void concentration of at least 10% follows from the area
ratio of the subspectra of approx. 80:20 taking into account a binomial distribution.
This is, however, much too high according to the results obtained for the filling factor
from chemical and X-ray analyses. This discrepancy, which is also present in our
18 M. Reissner et al.
Fig. 1 Fe environments in
AFe4Sb12. Only the nearest
















investigations of other alkali and alkaline-earth samples, makes the interpretation of
the two different Fe sites in terms of voids in the A shell difficult. However, with the
exception of TlCo3FeSb12 [23] at present no experimental clue or theoretical hints
exist for other interpretations of the difference in charge density at the Fe site in
metallic skutterudites. For sub-stoichiometric Co-based skutterudites the existence
of CoSb3 offers the possibility of another approach. A solid solution of a completely
filled Fe compound in an unfilled Co compound was assumed to be realized in
CexFe4−yCoySb12 [24, 25].
The obtained QS values for the various compounds scatter around 0.25 mm/s and
are different for the two Fe positions. For both sites the QS values for the (most
probably) mixed valent Eu skutterudites (e.g. at 4.2 K: 0.170 and 0.180 mm/s for
Fe with large and small area ratio, respectively) are approximately 44% to 50%
smaller than those for the RE3+ compounds (e.g. Pr0.73Fe4Sb12 at 4.2 K: 0.245 and
0.270 mm/s, allocation as above) and are in rough agreement with the ones obtained
for Tl1+ (e.g. Tl0.98Fe4Sb12 at 4.2 K: 0.170 and 0.175 mm/s, allocation as above). The
lattice parameters at room temperature are 9.1369 Å for Pr, 9.1631 Å for Eu, and
9.1973 Å for Tl. The field gradient at the Fe nucleus reflects the hybridisation of the
Fe-d and Sb-p states which seems to be influenced by the appearing changes in the
interatomic distances but less by the charge carrier densities resulting from the filler
atoms. This is in accordance with the observed small temperature dependence of QS
in Eu and Tl skutterudites.
Good agreement exists of the CS values found in the present investigation with
the one reported for the Ce compounds (in performing the proper correction for
the source temperature) [24]. CS values for the monovalent Tl at 4.2 K are 0.22 and
0.33 mm/s (allocation as above). This indicates a rather similar s—electron density
at the Fe nucleus independent of the valency of the filler atoms as long as the
































































Fig. 2 Typical spectra recorded at 4.2 K in various external magnetic fields for Eu0.88Fe4Sb12 (left)
and Tl0.98Fe4Sb12 (right)
interatomic distances are comparable (lattice parameter a remains in the order of
9.1 Å). The presence of a high spin Fe2+ state can be excluded.
Above 4 T the spectra are fully polarized (the intensity of the m = 0 transitions
vanishes, e.g. Fig. 2). For compounds without magnetic order [La and Yb 5, 14]
the values of the measured hyperfine fields for the subspectrum allocated to the
component with the large area either coincide with the one of Ba or were slightly
larger. Significant deviations from the value of Ba were only obtained for Fe atoms
allocated to the spectra with the small area. Similar behavior is obtained for the Pr
and Nd compounds, although according to bulk magnetic measurements they are
magnetically ordered at the measuring temperature (ordering temperatures 5 and
13 K for Pr [9] and Nd [5], respectively). The Eu and Tl compounds are magnetically
ordered, up to about 84 K [5, 18] and 80 K [17], respectively. From Bind = Bhf − Ba
the induced hyperfine fields were calculated. In the Pr and Nd compounds for Fe
atoms allocated to the smaller spectral area Bind exhibits some tendency towards
saturation at high applied fields, whereas for Fe allocated to the large area Bind
scatters around zero (Fig. 3). The change in sign of Bind obtained for Eu and
Tl compounds (appr. same ordering temperature) indicates that valence and core
contributions to the hyperfine field are of comparable magnitude. The opposite sign
of these contributions allows a compensation which may explain the small values

















































Fig. 3 Field dependence of the induced hyperfine fields Bind at 4.2 K for magnetically ordered
Tl0.98Fe4Sb12, Eu0.88Fe4Sb12, Pr0.73Fe4Sb12, and Nd0.72Fe4Sb12 (triangle large, square small spectral
area). Lines are only guides for the eyes
of Bind. This is strongly supported by ASW band structure calculations (Blaha and
Mohn, private communication). Only the core-field reflects the spin density at the
57Fe nucleus and is thus directly proportional to the Fe moment. This contribution
is not directly accessible in the present experiments. However, the change in sign
and the numerical value observed for Bind indicates that this contribution might be
too small to explain directly the large effective moment assigned to the (Fe4Sb12)
building blocks from bulk magnetic measurements at higher temperatures. It contra-
dicts the simple picture based on charge counting arguments that the large moments
on the (Fe4Sb12) building blocks are due to the unpaired spin of Fe3+ in low spin
configuration [5] and point to itinerant ferromagnetism with small ordered moments
as proposed for the alkali-metal Na, K, and the homologue Tl skutterudites.
4 Conclusions
The asymmetry in the intensity of the outer lines of the spectra recorded by in-
field measurements was accounted for by fits with two subspectra. The observed
relative spectral areas are in fair agreement with filling factors determined from X-
ray experiments for A = La, Pr, Nd, and Yb, however fail for the other compounds.
At present no consistent explanation for the allocation of the second component
is possible.
The values of the induced hyperfine fields are much too small to explain directly
the large effective moments deduced on the Fe sites from susceptibility measure-
ments at high temperatures. The change in sign and the small value of Bind obtained
at 4.2 K for magnetically ordered compounds point to itinerant ferromagnetism with
small ordered moments.
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